The Pennsylvania State University 
The Graduate School 
Department of Mechanical Engineering 


Performance Characteristics of a 
Friction Disc Turbine 


A thesis in 
Mechanical Engineering 
by 

Elroy William Beans 


Submitted in partial fulfillment 
of the requirements 
for the degree of 


Doctor of Philosophy 
June 1961 


Approved : 


/f <£/ 



Professor 0 /f Mechanical 
Engineering and Head of 
Department, Thesis Adviser 


Associate Professor of 
Mechanical Engineering, 
Thesis Advisor 




1 




n 

rH 

•H « 

X 

G 

'h P M 


© 

rH C O 

Q. 

V 

© ® 

o 

CQ 

«h e ® 

© 


© © 

o 


rH t- U 

fH 


© -H t© 

*r-f 


-HP© 

X 

> 

+> CT XJ 

CL. 

H 

U © 


-H 

© G © 

<H 

> 

a x: 

O 

>» 

© p 

C J3 

G 

O 

•H -*J G 

o 

U 

O 

H> 

rt 

XJ 

o 

w 

© o 

o 


♦» 

n 


+1 

-H 

e 

,Q 

3 

o 




© 

G 

3 


X> 

© 

> 

o 

c, 

CL 

CL 

-< 


O T3 

•H tJ 
C © 
a © n 
sz tc tH 
o © 

© -o © 
S C£ 

Q f-« 

S M * 

C -3 

-H C 
O Li U 

© o e 


tvc © -*-> 

fA o C l< 

\ \ <H ^ Cd 

\ a m a 
\ c, c © 







« 



<M 


_=1 

>0 

cj tn 


-p 


t- 

On 

v\ 

vO 


r— 


CO 


Ov 



O 

•H 


r- 

r- 

c* 

r- 

00 00 


00 


CO 

ao 

CN 

On 


Os 


Ov 


On 



O 

ft " 

w cl. 























rH 




« 

• • 

ft • 

0 • 

• • 




• 

• -a 

• 

X> • 

X) 

* 


XJ • 


O • 








05 rH 

© 

^H 






bo c 


M G 

bo c 



bo G 

bO ftt 








9 







c © 


G © 

C « 



c © 

G 


c 





• 

-P 


0 •* • 

© • 

ft 




• 

* ft 

, 

ft • 

ft 

• 


ft • 

ft 

XJ • 

-<H 





a 

*rl 


ft. -4 

OS 

n © 


ft 



0 * 


O * 

0 * 



0 * 

0 

C 

C 

O 




in 

0 

0 o 

• 


P X 


to 



« © 0 


© O 

© O 



« 0 

a 


qj 

CM 




O 

O 

;* Wl • 

• 0 • 

■> 

X © 


© 


« 

P O. rc 

• 

O. rc • 

CL rc 

♦ 


O-C • 

O- 

A 

CL 


© 



h 

rH 

O 

K 

P 03 

© H 


t- 



ft U 1 • 


tn •* 

CO •> 



to * 

10 

«b 

CO 

XJ 




CL 

0 

Ph "> 

to ■ 

W • 

ft O 





© O 


0 

O 



0 


O 


a 





> 

0 * 

5 C • 

XI O 

a H 




« 

ft ft CJ 

© 

ft CJ • 

ft O 

• 


ft OJ • 

ft 

CM • 

M 

0 

© 



• 


• -^ _ 

rH 

© 

0. © 


© 



© O * 


0 - 

O - 



O -s 

O 


O 





tn 

w« 

K 

ft X 

OS I 

a. c 


C 



O- ft O 


ft 0 

V. 0 



ft. 0 

ft. 0 


0 




> 

<3 

0 } *»■ • 

O « 


■< K 


ft 



X ft 


ft » 

ft 

• 


ft * 


rH • 


rH 

• 




rH 

X ^ 

ft ft 

• rH 

« 


X 



■< >s 






to 



X 





* 

P 

o 

O 

*5 X 

rH 


ft 


0 

ft 1 


ft a 

ft 1 



ft a 


t 


V 




- 4 -> 00 

U -P ♦ 

“ft. • 

► 

© X) 


p 


p 

ft ft 

m 

ft • 

rH 

• 


ft • 

•tH 


-H 





o 

C 

O U 

•ft. 

ft 

V> c 


tH 


0 

© O c 


t> 0 

O O 



0 0 

O 

0 

O 






*< 

Ch 0 

O •> 

* O 

c S 




(X 

© 00. 


0 0. 

O Oh 



0 eu 

O CL. 

O 

CL 




0 

o 

• 

O • 
*s O. 


© 

B © 


© 

rH 


0 

ft ft 

© " 

0 

ft • 

© •> 

H 

® * 

• 


ft * 

© * 

rH 

0 

• 

rH 

0 




P 

u 

UG 

ft N 

•t 

■ft C 


© 


G 

© t> * 


t> • 

> • 



> * 

> 

ft 

> 

* 




c r 

0 

* 0-0 • 

© CJ * 

*• ft 

ft ft 


© 


*H 

G Q 


c • 

P 

• 


G • 


c • 


c 

• 



l. 


*rH 

* D* 

K © 

© x 


£- 



ft ft ft 


ft ft 

J-i *H 



ft ft 


*ri 

L 

*t-H 




o 


* -P 

O 

O ^ 

0. ft 





X © 


© 




© 

0 


<E 






-p 

>> o • 

ft. cs • 

c 0 

X P 


bo 


p 

ft rH O 

• 

ft [ — • 

rH IA 



ft ft * 


Os • 

rH 

CN 





<0 

P *rH 

ft 

© a. 

w e~i 


C 


f- 

P P O 


P rc 

P O 



P vO 

P 

r^h 

P 

rN 




Ch 


ft ft 

ft. *3 

^H 



ft 



ft be v\ 


bo ci 

N) r- 



be 0 

too 

bca 




O 


U U< • 

0 a • 

O ■ 

*ft ft. 


9 



c • 

• 

C * • 

G * 



C • • 

c 

9 * 

G 

« 




*P 

*H 

CL 

O 

ft • vo 

« 

+> 

-H M 
ft. © 

0 0 


« 

ft 


0 

ft -so 
0 


-< O 

-< O 



-< O 

«< 

O 

-< 

O 




C X 

® • 

0 * CO 

ft. X 

X X 


O 


x: 

• B 


• ■ • 

« 4 



• * * 


a • 


f 

# 



0 

OJ 

> hO 

© n • 

M 

0. a 




Q. 

O © 


© 

tn 



n 

n 







-*H 

Q- 

p 

H no 

V> 

© © 


>, 


CJ 

ft ► © 


► © 

> © 



> © 

> 

0 

> 

0 




O 


ft E - 1 «SJ 

U V 

© © 

ft ft 


rH 


u 

ft O 

bO 

0 bo 

0 

t£ 


0 tc 


0 • 


O 

• 



tH 

* 

© 

ft ft 

C 

bO bC 


X 


bo 

© © c 

-vH 

© C ft 

® G 

•H 


© C ft 

0 

c 

J) 

c 




Lft 

O 

, — . • — ? 

ft. ft. 

vH rH 

O O 


E rH 


0 

E P « 

n 

P © © 

p CJ 

B 


p © eo 

E 3 


—1 

03 





•H 

3 0 .* 

ft. • 

Xi ft 

ft ft 


© © 


p 

© cr ft 

CL 

cr ft {x 

CT -r> 

CL 


cr ft cl 

cr -p 

cr 




0 

P 

M E O 

© • sO 

ft\ 

O O 


tn -0 


0 

X ft c 


ft to 

L 0 



ft n 

L 

0 tH 


on 

tH 



o 

«J 

c o 

0 © • 

P CJ 

X X 


© 0 


jE 

O Oft 

O 

0 ft 0 

C -H O 


0 ft 0 

C 

tH O 

O 

-tH 

0 



o 

PS 

■< CJ • 

0 > 0 

t- ft 

0. p. 


< X 


Om 

in e- a 

hfl J 

*4 Q J 


£• Q 4 

t- 

a cl 

c- 0 

Cl 



NO 


r- 

aD 

On 

O rH 


CJ 


■n 

VJ \A 


VO 

N 



CO 

CN 


0 





rH 


rH 

H 

r. 

CJ CJ 


CJ 


CM 

Cj cj 


Cj 

CJ 



CJ 

CM 







0 


© 

0 

« 

« «J 


© 


O 

© « 


© 

© 



© 

c 


0 





L 


(4 


ft 

ft ft 


ft 


Ih 

ft ft 


ft 

ft 



ft 

u 


L 





P 


O 

P 

P 

P P 


p 


P 

P P 


P 

p 



p 

p 









to 

&0 

t© 

bO bO 


bo 



bO UJ 


bO 

bO 



bO 

U 5 







©H 


ft 

•H 

■H 

ft ft 


ft 


rH 

ft ft 



ft 



ft 

tH 


tH 





PL, 


u* 

Pm 

iu 

B ft 


fri 



Ob tv 


ft. 

Ob 



•b 







4 > 



V 7 O 



VC 



Os 

H 

vj 

On 

On 



r- 

CO 


rH 


rH 

► 




c-V vj 

-a* 

-a 


* 




VC 

VC 

VC 

VC 



vO 

vO 


r~ 


r- 


4 

CL 


























• 

• • 

• 

■ 

© 




• 

* • 

• 

VC • 

ft • 



• VH 

ft 


• 


• 








• © 


C 

• 


O 


• 

O 
















« p 


0 

© 


ft ft 


•O 

V. 



ft. 


ft 







• 

• • 

T 3 • 

•5 * 

► rH 

• 

ft 

O 


© ft • 


ft • 

• 



• C 

ft 

« 

• 


• 






• c 

p -p 

© 


ft 

ft 


ft © 


p *a 

•> 


♦ 

© 


rH 



• 






ff) 0 

-h a 

ft t» 


0 

ft 


P OS 



0 



•* 1 — i 


P 



C- O 




• 

• * 

► * 

T 3 » « 

© 


ft 

© 

• 

be • 

• 

CO • 

P 


> 

• OP 


tV ft 

© 


£ 






rH 

0 U 

9 ft 


ft 

as 


C n 


p 

- o 



*H ,D 


c c 



O a 







PS 0 

0 a 


B. 



< P 


■ 

O rH 


* 

rH •*-> Vh 


-< © 



O 




• 

« • 

rV« • 


a. « 

• 


© 

• 

ft • 

• 

— • 

ft &. 


0 © p 


ft 

* 


O 






P 

• Vh 

ft 


• 

P 


• XJ 


0 -9- 

ft 



a CS ft 


• © 



♦ -€► 






\o 

p) *H 

« © 


© 

ft 


© © 


ft 

© ft 





« ft. 



n 




• 

• 

P • 

>0 • 

x ft. 

• 

> 

-0 

• 

> pi » 

• 

ft ft • 

« c 


•s 

cm r> ♦ 


0 - ft. 

m 


> 4^ 






S 


© ft. 



© 




© 0 

© 


ft 

ft P CL 


■H 



0 

to 



0 



- 0 

X t* 


OS 

PS 


9 ft 

© 

CS «M 

toft 


0 

x ft e 


— C 3 




w 



c 

© 

O -O' ♦ 

eo • 

a 

• 

XJ 


« 

O C » 

ft 

« 

C P 


ft 

X) 0 


ft 

m 


■P 0 

« 




E © 

▼J 

U ft. 

ft 


OS 

v> 


OS © 

ft 

K •* 

ft X 


0 

ft « 0 


O 4 ) 



CJ -► 





P ft 

♦> ft 


0 ft 


S. 

c 


ft 

ft 

ft ■► 

0 ft 


« 

0 cc 






o 



u 

H 1 ft 

to 0 

« it « 

ft. 0 

♦ 

CJ 

© 

• 

ft © • 

O 

ft • 

© p 


Ob 

v. ft 


— ao 

0 



M 



p 

O ft. 

C ft ft 

v> 0 

*h 


r p> 

ft 


© <H 

ft 

0 

p- ft 



* 0 


© • 



O L. 

u. 



€-• 

> O 


c 

«k 



© 


0. ft 

0 . 

O — 

10 


G 

» (n V. 


P O 



P O 





ft 

>> *ft. 

© t • 

Vr •> 

• 


V. 

• 

-iH • 


ft ft • 

XJ 


O 

ft > 

ft 

cr 

0 


CT ♦> 

6 b 



<0 

rH CL, 

+5 rH O 

E 

rH 


rH 

V. 


ft O 

s>. 

© O 

• c 


ft 

ft ft 


ft a 



L O 

o 



H 

O 

•H ft 

0 -e- 

« ft 


© 

ft 


G 

v> 

> ft 

a © 


ft \ * 


0 



O 0 




0 

h s 

0 \ to 

X • 


• 

ft 

0 

« 

© ft • 

ft 

O « 

> 


u 

cm b ■ 

• 

1 - r- 

4 • 



E-> 



0 

■0 V 

O ft © 

X 

ft ft 





E O 

0 

ft © 

ft 


tH 

ft 


X 




63 



C- 

d “H 

rH P 

ft. © 

ft 


© 

ft 


O ft 

0 

« u, 

9 © 



©b CM 

ft. 



v. c 

ft 




0 0 

© -rH 

0 • 

O *• 

• 

ft 

0 

• 

X 

ft 

ft • 

O C 



« 0 

-a 

0 ft 



O O 

_3 



V* 

0 0 

> O a 

« 

O O 


C 

ft 


•s 

© 

ft G 

CS ft 



O -H X 

* 

0 

O 

tH 




o 

rH 

■n > 

V> r-*n. 

rH ft 


V. 



• ♦ 

> 

G O 

E 


• 

T. ft 

O 

ft ft. >- 







>>V « 

rH -r> 

C ft 

© ft 

« 


•t 


X • 


© ft • 

ft © 



ft ©ft 

rH 

G 



G 0 




o 

ft > 

a a .) 

© \ ft. 

© 


«M 

CEL -e- 

© *t 

x 

bo ft 

© ft 


Vb 

to CS O 


a; 

Ch 


O tH 




tH 

« 

•n « C 

■H ft O 

OS 


O 



X f*. 

c 

G O 

Cl 


p 

PS ft. 


■H C C 


tH L* 




P 

V> ft 

♦> © 

© 

ft 

• 


is 

•8 

ft . • 

© 

© ft • 

• 


E-* 

bO 

S*H 

0 -©- 



U L. 




al 

C as 

ft © ft 

•ft * u 

a ® 


n 

ft 


ft ft 

rH 

h ft 

« CL 



© c 

03 

ft 

«3 


■H 




B 

© C 

© p © 

ft. O © 

rH P 


« 

0 

rH 

0 0 ft 

P 

tv 0 

P E 


• 

P ft HC 

- 

0 






® 

E ft 

bc-H ft. 

ft. P 

P ft 

CO- 

P 

ft 

^4 

ft 0 ft 

X 

ft • 

cr 0 


P- 

ft Oft 

-rH 

ft. • 

P 


Vi X) 




X 

© E 

CO ft 

© X rH 

bO -CS 


H 

0 \ 

ft \ 

ft 

ft • ft 

ft 0 


£ 

XJ « \ 

£ 

C ft 

*-H 


© 




o 

rH as 

to to 

O © © 

C © 


« 

« 

CM 

0 © CJ 

p 

X ® 

O G 


O 

© CL CM© 

0 © 



0 p 




Cl 

« rJ 

hKO 

O PC > 

-< OS 

O 

t> 


M 

«•> X 

ft 

W ► «i) 

ft ft 


O 

X to ft ft 

0 > 

> 


0 f-. 




H 

cj *-\ 

-3 

vr\ 

0 


t— 



CO 

CN 

O 

ft 


CM 

r-\ 


VP 



\A 















ft 

ft 


rH 

rH 


ft 



r-\ 




e 

© © 

© 

0 

© 


© 



© 

C 

© 

© 


0 



© 



0 





h b 

ft 

M 

ft 


ft 



ft 

ft 

ft 

ft 


U 



ft 



ft 




p 

P P 

P 

P 

p 


P 



p 

P 

P 

P 


P 

P 


P 



P 





bO 00 

ttt 

be 

bC 


bo 



bo 

& 

bO 

bo 


t* 

& 


bO 



(X 




tH 

ft ft 

T* 


ft 


ft 



ft 

ft 

ft 

ft 



H 


ft 



tH 




(k« 

Ob »b 

ft 


(ft 


Oh 



&. 

u. 

Pb 

Ob 


ftL 



Ob 



frt 



«H ® U\ 

^ M 04 

-rl “3 rH 

y a 


rH On 


ON 

xj 


O 

XT 


cO 

XJ 


O 

Nun 


U\ 

GO 


© eo On on 

bO ON UN 

* rH 

Ou 


• 

o • 

• 

T3 • 

t <Q 
® -H 

t» a • 

• 

* c 

C * 

Fh c 


• 

qj -rl 

• 

•» *, 

H£ 9 


o o 

D E- « 


h-4 r*\ • 

be *rH 

© 

P ^ 

C © o 

P 

a? O 

■< C C 

P 

cd oj • 

-rH O 

<C 

* 

• £ 3 

L 

bC o 

a p cr 

C3 

C rH ■ 

> 3 © 

CL 

•H 

Eh l-C 

CL 

O i 

% Cc, 

-< 

OJ • 

P4 


a- O 

OH rH 

P 

'x a, 

K © a 

<n 

♦ 

\ © «-. 

a 

• ^ 

>ne- a 

e- 

*5 O 

p 


> 

- • Ctf 

c 

t 

O C Z 



H -H 


o • • 

P P 


Cti -H 

ro nO C 


© 

02 © 

o 

Jh > - 

p p 


o 

© C © 

a 

a • 

TJ ©h «H 

-H 

CL, tt3 

P On 

h*> 

o c -h 

o Sh 

© 

2 < CD 

— Pa 

£ 

c* a* 

rH tH 

© 

L. Li 

a U T3 

.C 

o o O 

E O C 

o 


-< r-H <S 

CO 


• 


• 

• 

• 


•a 


o » 

i 

c 

1 

BvO E 

© 

qJ • 

® e 

O (\l • Q. 

to 


02 • D- 

t~ o W L, 

Ci 

Ml •> 

»H M) Jh 

O-. • c 

o 

C _J • 

O C 

o «o o 

X 

o 

X < o 

® u> 


O <M 

UN 

te: « - 3 . ' /\ 

L» 

o o • 

f. »H UN 

e, c r— 

<H 

a • 

-H o r~ 

cs • « 

-< 

co o 

«j! Vh 

x: t3 


• 

■o 

O n * C 

• 

H «k 

• - C 

« i-t C qj 

X 

o 

K b <o 

•X Q 

^3 


c* 

a ~ 

HL 

-rH •—* 

32 •* H 

• 0TN O 


o o 

O O 

*• c o O 

»> 

o • • 

■'■HO 

C ^ r-< CNI 

© 

— I O 

O -O c\j 

o a. • 

o 

® 

D C _3 

2rtO 

c 

2> » • 

C 32 

(0 K 

ns 

t'- 

nS » 

£ >-, TJ O 

E 

e. 22 

E bO o 

e O 20 

L» 

cc O • 

fn C O 

C Oh a O 

O 

O 

O -rH O 

*m ro 

L. 

3 • 

<M O rr% 

u a •■ 

L< 

M O . 

Ih « 

C f—i *i 

© 

C 

ii a • 

0 -. « o o 

Oh 

■< t 

IX CO o 

a; o n 



r- 

C • 

C 

• * 

d • fr-\ 

® > O W 

r* 

0 

to 0) <M 

ft. o 

U, 

> 

C*r > 

rH ^ § 


-o 

1 

a ^ cn 

n 

l- O VA 

W tr 

rH • 

rH 

ffi iH fO 

ri ® • 

*> • O rH 

CO 

? hJ o 

n 3 rH 

© CQ ♦ © 

© 

o <s • 

a o ® 

E- > O > 


0-32 0 

F- Cl> 


E 

• 

♦ • 


• 

i a. 


f—i 



o h 

* 

© 

Fh 


o a) 

• C • 

L< > • 

a 

« 

H rl O 

rH <8 

O 

rH TH » 

ffl 0 ) Q 

© C*. E 

©H • 

P c o 


> ® CM 

> o. 

bfl • 

tio a 

© 

Fr« -3 

q> o 

© c 

C rH 


• 

* rH 

hP ^ e 

-a q 


C «H « 

C CD o 

qj Q. 

rH * 

• 

<B O 

0 ! © O 

CC -* H 

* .O 


F- CrH • 

E-« F- O 

O 

© -<H rH 


r~ 

^ • O 

► « x 

# 

-tf * « 

T 9 F< 

OHO 

a 


c <~t» 

c o » 

rH O 

*■ ® « 


CO U 

qj Vh 

k ‘c 

h - 1 1 -. JC 

• 

N • 

• 

c 

U x o 


♦ In b£ 

• •> rH 

• -d 

E rH 


>/> G 

CD H V 

cn C 

'OU, 

0 

OJ •-«< 

<n u > 

(fl 

© O 


O O 

© \ 

« 

p C u, 


G H •> 

9 h O • 

So - 

cr t-H a 

© 

a, o 

CX. Ml 

+> o 

Fi C 


<« 

*• C 

H 1 O 

O U rH 


u a; ■ 

O O -C 

o oj 

C- O E 

♦ 

■rH 

-»H *yH 

O r-U 2 

©h a 


«J « ® 

+* X> -» 

rH Fh 

©H rJ 


« 3 -P 

<8 a} O 

© \ - 

o •> 

• 

*-> hH 

*» « 

> X o 

© © 


co tj a: 

CO ■ 

o 

H-> -e- rH 

XJ 

a> 

m 

rH » O 

C 2 D 

♦ 

T 3 (X J 

■a p © 

© C n"\ 

G =» -rH 

o 

c o 

C -rH H-> 

•H q) 

H S J 1 


« • rH 

a -u o 

X fc « 

o h-> a 

K 

« (*. 

9 02 

C o 

H H ® 


rH ► 

rH 02 

® <J OD 

©h O Fh 

rH 

<8 » 

a , 

-rH rN 

©HOC. 

Li 

■O tA G 

H-> • Q 

C 1 ) M 

© rH E \ 

O +J « 

O « rH 

a ® 

O G O 

CM 

F- -h Cm 

E- ► f*. 

F- F-i » 

O > CO 

L. 


xr\ 

gO 

.3 


CO 

On 

o 

LTk 

rH 

OJ 

\A 

rA 

U\ 

u> 

€ 

Li 

be 

-H 

« 

Fh 

60 

hH 

© 

M 

to 

H 

Figure 

F lgur e 

F igur e 

« 

P 

t* 

-H 

© 

Fh 

3 

M 

-ri 

h. 

© 

Fh 

3 

bo 

•rH 

te. 

© 

Li 

P 

-ri 

Dm 


CO 

AJ 

X 

m 

< 

Fh 

a 

o 

E-< 

00 

FH 


-a 

c • 

as 

CO « 

u 

© 


0 ) 

E 


© • 

u 

<8 

a. • 



7) 

n n 

© <D 
^ H 
ClJJ 

E CQ 

O -w 
«J L* 
C O 
*-♦ > 


ia 

o 

H f 
a; 


co 

> 

xJ 

c 

co 


CO 

N 

0 

© 

E 

aj 

Li 

CO 

OL 

* 

O 


Ue 


© 

rH 

X) 


w 

to 

© 

Ll 

CL 

E 

O 

o 


04 

© 


JZ 

4 

f“* 


0 ) 

Li 

© 

-P 

© 

E 

<S 

L* 

<0 

CL 

© 

c 

-H 

L. 

t- 

C 

O 


o 

L. 

Cx« 


O 


x> 

03 


L 

© 

P 

© 

Lf 

4 

X 

O 




4 


© 

CM 


'UN 

r— 

CO 

On 

iH 

<*N 

or 

X* 

-=* 

nun 

f— 

CFv 

bfl 

o 

O 

O 

o 

o 

O 

rH 

H 

rH 

rH 

rH 

rH 

H 

rH 

4 

n_ 

rH 

rH 

rH 

rH 

H 

rH 

H 

rH 

rH 

rH 

rH 

rH 

rH 

rH 



• 

0 

«t © 

0 

• 

A * 

0 

* 

• 

• 

0 

• 0 

• • 

• 


• 0 

• 




o 



D 


P 3 


9} 


05 

CD 

CO 


n o 


• 



to oj 





> 


> 


> 

> 

> 


> rr\ 


-P 

• 

«s • 

c ^ • 

t> o * 

0 

•k 0 

* 


• 


•l 0 

01 • 

^ 0 

* 

• 


XJ • 

to 


* r- 

-H O 



O 


0 


9 

bO 

• be 

• bo 

• to 


• XJ 

© 

*H 


be ON 

© rH 

** 

o 

•rH 


o 

be 

o 

*H 

O hH 

O P 

O -rl 


o c 


a 

♦ 

C 0 J • 

4 • 

O "O • 

cu • 

+> • 


x 

-H 0 

z 

a * 

z © • 

z © • 

z » 

0 

Z a • 




-< ♦ c 

Oh a 

-rH C 


a 



<D 


a 

a 

a 

a 



rH * 

♦ 


O -rl 

20 

-P aj 

* 

« 


X 

a 

X 


X 

X 

X 


hC * 

3 P 

O 


L 

o • 

*L 0 

b • 

0 

• 

o 

• 

o 

o • 

O Q 0 

u O • 

o O 

♦ 

o O # 

XJ cl • 




* CL 

X •» 


bO 


<0 

LTV 

(0 

rH 

a oj 

a on 

<0 -3 


a oj 


CL 


©H O CM 

n 

o 

** 

c 


a: 


a: 


a: 

X 

X 


X - 

C o 

to 


a o 

> * • 

be on • 

o • 

-H • 

« 


■ 0 


■ • 

a 0 

1 • 

1 

0 

O 0 




*VA * 

o 

c - 

iH 

O 


T 9 


T 3 


T» 

T 9 







O . o 

** 

•H O 

*> 

a be 


C 

O 

c 

o 

C O 

C O 

e o 




© 

N 3 

Oh O 

+J 1 • 

O CM • 

<0 • 

CL -*H 

0 

to 

a • 

© 

a • 

C Cl, ♦ 

a a • 

« CL, 

* 

x K • 


O 

-rH 

-a 

o 

q; ©N 

A 2 

co tn 












c 


•> ■ c 

♦ 

CL O 

bO 

a 


• 

Li 

0 

Li 

• Fh 

• Li 



•F O 

C to bO 

a 

CL 

• 4 

-rH • 

to rH • 

ta -rH 

■ 

0 

O') 

o • 

03 

O • 

a o • 

tn o • 

05 O 

0 

pa • 

Q] vH 

E 



© © 


c © 

tn o 


02 

©H 

CQ 

©H 

05 <m 

«□ 





Fh O 

Cl p -f 

3 >• 

• B 

-r< a 

> ~=t 


© 


© 


© 

© 

© 


H L« 


O 

CM 

© © On 

cr * 

V} • 

o 


• 

Fh 

•> 0 

L» 

-l 0 

Fh • • 

L. ^ * 

Li •> 

• 


o o 

L-| 


l h r\ 

L • 

> o 

03 O 

>nTJ 


CL 

f—i 

a 

rH 

a H 

a rH 

rx, rH 


©h 

LHO 



Ah Q o 

O CO 

Ah 

auj 

© C 



Fh 


Fh 

Fh 

Fh 

Fh 


XJ 


© 



E- c 

>» • 

cn 

c a 

0 

O \ • 

o\ • 

O \ • 

©\ • 

G \ 

• 

C • 

O 

CL 

O 

© • o 

-< M 

p ■» 

•c» 

© 


-H 

Fh 

-rH 

9h 


•H Ll 




CU • i 


CL* 

c © 

<H -H 

-H Fh 

• c 

•ri +> 

n 

x> 


-p 


P 

p 

p 






•rH 0J •! 

O Fh O 

t> © • 

cd a 

o o 

© 

to 

-O 

a 

-o 

a -o 

a -o 

CO -F 

o 

- O • 

© Fh O 

C 


K-i CL rH 

o a 

O y. 

> 

-H 

» 

■p 

O 

•p 

o 

P o 

P o 

P o 


H O 

C p£L» 

-H 

© 

CO U3 

HJ ©h 

rH O 

«% 

% 

CD 

to 

hH I 

CO 

■H | 

(0 rl 1 

CO H 1 

CO -H 

• 

X rH 


x 

C 

• O 

c O 

© Q. • 

F, O 

©H O 

o 


-P 


p 

-P 

p 

45 




L 

tH 


© --3 

> 

© ON 

W 0 j 

X) 

T) 

a • 

T 3 

4 0 

*o a • 

T? a • 


■ 

^t>- 


P 


► o o 

^ b 

# 

- 



G ex: rH 

C 

« rH 

C a rH 

C OS rH 

c a 


© 

3 a c 





F* K • 

O 3 

© o 

© 

4 

© 

<0 

« 

<33 © 

CQ © 

a 

© 




<*> 

© 1 * 

■H - C 

a a 

a, oj 

C rH 

bt) 


« P- 



cn >, 

03 >- 




o 



P nun 


rH ac 


^H 

<0 

rH 

3 

rH 

3 

rH 3 

f-H P 

r-i P 


OS nH 


rH 

• 

cr * o 

Lh -H 

3 bo 

* o 

XI ■ 

-o 

t 0 

-t -4 • 

£0 

-H • 

to -H 0 

a -r-t • 

OJ tH 

• 




o 

L H H 

© P ^ 

M © rl 

K rH 

Li 

c: 

■p 

T) bO 

-p 

T> bo 

P T 9 bO 

P TJ bo 

-L> D 3 

to 

^ fO -r-i 





o a o 

c o a 

03 

3 O 

-H 

o 

« C 

O 

a G 

o a e 

o a c 

o a 

c 

C c «3 


t- 


f- > O 

O « ON 

*< ©h a 

x ■ 

F- a 


S-| 

«; -< 

E-H 

os ■< 

Eh OS <2 

h (S H 

E- OS 

*s 

un -< a 

Eh ©HO 

rH 


CM 

ON 

uf 

NUN 

nD 

C^- 

to 


On 


o 

rH 

04 


ro 







ON 

n 


m, 


on 


XJ 

x* 

XJ 


xf 

XT 

© 

Fh 

a 

b 0 


© 

L 

P 

to 

© 

Fh 

3 

bO 

© 

Li 

P 

© 

Fh 

3 

bO 

© 

Fh 

3 

bO 

© 

Fh 

3 

b 0 

© 

Li 

P 

bO 


© 

Fh 

3 

Ml 


© 

Fh 

3 

m 

m 

u 

P 

to 

© 

Fh 

3 


« 

Fh 

3 

© 

Li 

g, 





-*H 

-rH 

-rH 

-rH 

H 


-H 


*H 

-*-4 







Am 

X 

N© 

Ah 

Nh 

a 

a 


a 


a 

Ah 

A 


U. 

a 


1,1 GENERAL STATEMENT OF THE PROBLEM c * n dev *l°P * torque equal to the moment of the dra 



stream, which must nocessarily have zero velocity at the great and the flow of the fluid is turbulent. Since the 

plate, torque is a function of the shear stress and the area of 

The shear stress between the fluid and tho rotor, the torque can bo increased by using a large 

plate creates a drag force on the plate which decelerates number of rotors or discs in a parallel arrangement, 
the fluid, reduces its momentum and kinetic energy, and Tesla friction turbine, which was named 


After its inventor, Nikola Tesla 


3Nisyn± \ns31 jo oiiv/j 3 hos i 913 




therefore, classify the Tesla turbine as a reaction tur- 
bine, However, as will bo shown later, this pressure 
drop is rather large in comparison with conventional tur- 
bines and results in low turbine efficiencies for the 
Teala turbine • 



7 aara ago, no comprehenaiTa analytical study has aver bean 



Taala turbine and that roost invea ti ge t or a hare approached 



friction ( any analysis of the turbine immediately becomes 



Superscripts refer to reference index numbers listed 



Totor, The subscript refers to e tm o sp ho r 1 c conditions, * nd c °mprna3ibln angular velocity ratio 





tions vhich define them are listed belovi: A area 



ratio of specific heats 




tangential velocity at the centerline between X Von Karmon'o turbulent flow constant 
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daily available impulse ateam turbine of approximately 



substantiate these claims; however, one author did report * similar turbine which had holes in the discs 



Tesla stopped experimenting with his turbine in 1925# tapering the discs was to reduce the fluid friction between 

Between January t .1911 and May, 1913, William A. tha rotor and the housing and to reduce the end effects of 

Scott experimented with a turbine which used smooth discs the disoa adjacent to the housing, 

T 

with oorrat.nd edges, Scott’s turbine departed from a truo Armstrong's turbine was 7 in, in diameter and 



Armstrong felt that this low efficiency was due 
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compressible laminar floxj 




ELEMENTARY CONTROL VOLUME 




10 can bo reduced further to the form 




and the relative velocity 





fltituting Eq. 2,2.3 into Eq 





different values of friction factor, p, and for 4> 0 and 



identical to Eq. 2,2.11, Thin integration ia carried out 
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10 }5 2.0 2.5 3.0 torque per row of discs. The physical reason for this is 

FRICTION FACTOR( ) that as the rolntlvo velocity decreases due to increase in 









Cd u i /dz T (n-l)* 3 

Khich is known aa "Von Karman's Similarity Hypotheaia" e If one aasumoa that the shear stress varies linearly across 

the element, the relationship for the fluid shear stress. 



The relationship between the average velocity, u, and the 
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Substituting Eq. 2.h.7 into Eq, 2 • it • 6 and simplifying, one ,,, . , . , . , 

u B M ^ since the torque depends only on the end points end the 

obtains, enthalpy is a point function, one can vrite the energy 





As was done in the previous sections, c is re- be solved numerically. These three equations were also 


O 



tion, Eq * 2.14.15, represent a set of equations which can tion with laminar flow is much smaller than with turbulent 












because the wall shear stress is not nearly as great as in increasing angular velocity along a given friction factor 



o.n not increase beyond 1 relative to the disc. Therefore, It is apparent from Tig. it, that the torque de- 
looking again at Fig. H, the torque will decre.ee with ore.ses much more slowly when H - 1 than when it is less 





ANGULAR VELOCITY ( $ c ) 


FIG I -4 


COMP. TURB FRICTION FACTOR ( ) 

FIG 


I 5 


PRESSURE RATIO (p 2 /po) 














Initially, the increase In coefficient of power, 
greater than the decrease in pressure ratio, p ? /p 





machined into the casing by drilling a 9/16 hole and form- 


eg 

ad 
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ASSEMBLY DRAWING 
OF TESLA TURBINE 
TEST MODEL 








In the casing. It vas hoped that this method would form r 2^ r l rotor Wfls • b • The air exhausted thru six 

an sir seel between the rotor and the casing. This method 5/8 in. holes near the center of the rotor. These holes 
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(QI’ u l)MOd H3d BflOdOl tical analysis presented in Chapter 2 does describe the 

performance of the Tesla friction turbine. The conclusions 
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DIFFERENT NATURAL FREQUENCIES 




TESLA FAN INVESTIGATION 



mad© in Section 2*2 regarding laminar incompressible flow 




anticipated, for as <o increases so does the relative veloc- 
Eq. It .1.3 is a linear first order differential equation and lty and i lk#1llee the shear stress. 

la readily solsable for c as a function of r from r., to r. 19 It can be shoun from Eq. U.l.S that the fluid 

The boundary conditions for the problem are. uhen co - 0, „ loolty end th . pressure rise increase continuously vlth 

u . 0 and uhen r - r 2 , u - 0. Therefore, the solution to moroaslng radius. This is also as expected, for incroas- 



Therefore, it is conceivable that a value for the friction 
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no maximum value. This analytical reeult does not agree 
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CHARACTERISTIC FRICTION TURBINE PARAMETERS of the computation were the rotor exit tangential ratio 



preasible laminar flow caee, were non-linear differential working fluid, only air van used, and the ratio of radial 





files across the rotor were measured. This nas accomplished 




gation and other experimental turbinea, excluding Tesla 1 
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